Asymptomatic Huntington's disease (HD) patients exhibit memory and cognition deficits that generally worsen with age. Similarly, long-term potentiation (LTP), a form of synaptic plasticity involved in memory encoding, is impaired in HD mouse models well before motor disturbances occur. The reasons why LTP deteriorates are unknown. Here we show that LTP is impaired in hippocampal slices from presymptomatic Hdh Q92 and Hdh Q111 knock-in mice, describe two factors contributing to this deficit, and establish that potentiation can be rescued with brain-derived neurotrophic factor (BDNF). Baseline physiological measures were unaffected by the HD mutation, but LTP induction and, to a greater degree, consolidation were both defective. The facilitation of burst responses that normally occurs during a theta stimulation train was reduced in HD knock-in mice, as was theta-induced actin polymerization in dendritic spines. The decrease in actin polymerization and deficits in LTP stabilization were reversed by BDNF, concentrations of which were substantially reduced in hippocampus of both Hdh Q92 and Hdh Q111 mice. These results suggest that the HD mutation discretely disrupts processes needed to both induce and stabilize LTP, with the latter effect likely arising from reduced BDNF expression. That BDNF rescues LTP in HD knock-in mice suggests the possibility of treating cognitive deficits in asymptomatic HD gene carriers by upregulating production of the neurotrophin.
Introduction
Huntington's disease (HD) is caused by a mutation that expands the number of trinucleotide CAG repeats in the huntingtin protein gene (Vonsattel and DiFiglia, 1998) . Clinically, it is associated with severe motor disturbances and cognitive deficits that generally worsen with age (Vonsattel and DiFiglia, 1998) . The cognitive deficits include impairments in attention, visuospatial ability, semantic verbal fluency, and short-and long-term memory. Although some debate exists about when cognitive problems first appear, several, especially those involving memory, can be discerned in asymptomatic gene carriers (Lawrence et al., 1998; Kirkwood et al., 2000; Ho et al., 2003; Lemiere et al., 2004) . The deficits are typically attributed to disturbances in the corticostriatal system, but other structures involved in cognition, including amygdala and hippocampus, are affected in early stages of the disease (Rosas et al., 2003) .
Impaired learning that occurs before motor symptoms or neuron loss has also been described for mouse models of HD (Lione et al., 1999; Mazarakis et al., 2005; Van Raamsdonk et al., 2005) . These behavioral abnormalities are accompanied by deficits in hippocampal long-term potentiation (LTP) (Hodgson et al., 1999; Usdin et al., 1999; Murphy et al., 2000) , a form of synaptic plasticity widely regarded as a substrate for memory encoding, and by reductions in mossy fiber potentiation (Gibson et al., 2005) and long-term depression (Milnerwood et al., 2006) . Reduced plasticity is evident weeks before the first signs of movement disorders, indicating that it is an early marker for HD rather than a secondary consequence of neurodegeneration. The reasons why LTP deteriorates in HD mice are unknown but are likely to be important for understanding the cognitive problems that accompany the disease. Results from knock-in (72/80 CAG) mice point to a deficit in neurotransmitter mobilization (Usdin et al., 1999) , but studies using transgenic (R6/2) mice suggest that processes that normally stabilize potentiation are impaired (Murphy et al., 2000) . Importantly, LTP may be a particularly sensitive target for early effects of the HD mutation because baseline physiological measures were normal in both mouse models.
Possibly related to the loss of plasticity is evidence that mutant huntingtin decreases expression of brain-derived neurotrophic factor (BDNF) and its TrkB receptor in neocortex and hippocampus of humans (Ferrer et al., 2000; Zuccato et al., 2001 ) and mice (Zuccato et al., 2001 (Zuccato et al., , 2005 Gines et al., 2003 Gines et al., , 2006 Spires et al., 2004a) . BDNF is a potent, positive modulator of LTP when the potentiation effect is induced by naturalistic theta burst stimulation (TBS) (Bramham and Messaoud, 2005) . The neurotrophin produces its effects, in part, by reducing afterhyperpolarizations that accompany theta burst responses (Kramar et al., 2004) and by facilitating the actin polymerization that occurs in dendritic spines immediately after stimulation . The first of these actions enhances the depolarization that induces LTP, whereas the second promotes an event essential to the stabilization (or consolidation) of the potentiated state (Kramar et al., 2004 Bramham and Messaoud, 2005; Lynch et al., 2007) . In the present studies, we tested whether LTP induction, consolidation, or both are impaired in HD knock-in mice and whether BDNF can restore normal plasticity.
Materials and Methods
All animal procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and with protocols approved by the Institutional Animal Care and Use Committee of the University of California at Irvine. This includes efforts to minimize animal suffering and the numbers of mice used.
Mice and genotyping. Hdh Q92 and Hdh Q111 mice have a chimeric mouse-human exon 1 with 92 and 111 repeats of the trinucleotide CAG, respectively (see next paragraph for actual CAG size determination), inserted into the huntingtin gene (Wheeler et al., 2000) . Homozygous Hdh Q92 and Hdh Q111 breeding pairs were purchased from the Jackson Laboratory (Bar Harbor, ME) and maintained in the laboratory as an inbred colony. Wild-type (WT) mice from the same background strain (C57BL/6J) and vendor were used as controls. Males (N ϭ 27) and females (N ϭ 24) of each genotype were used in these studies. A minimum of four mice was used for each experiment, and the number of mice used for each individual experiment is listed in the methods below and is depicted with an upper case N. The number of slices used for each experiment is provided in the text and in the figures; a lowercase n is used to denote the number of slices.
Genomic DNA was extracted from tail samples at the time of weaning using the Wizard DNA purification kit (Promega, Madison, WI). Periodic genotyping was performed using standard PCR procedures and the following primers: 5Ј-GGCTGAGGAAGCTGAGGAG-3Ј, 5Ј-GTCC-TGACATCGGGAAAGAG-3Ј, and 5Ј-GTTCCTCTGCCGGACCTG-3Ј. In a subset of mice (N ϭ 3 per genotype), repeat stability was determined using a modification of the CAG genotyping assay described by Mangiarini et al. (1997) . The PCR primers and conditions are the same as described previously (Mangiarini et al., 1997) , but the reverse primer was fluorescently labeled, and the PCR products were sized on an ABI3730XL machine (Applied Biosystems, Foster City, CA). Allele sizes were determined by comparing the PCR products to DNA standards of known CAG repeat size, as determined by DNA sequencing. For the Hdh Q92 mice, both alleles had 81.3 Ϯ 0.6 CAGs; for Hdh Q111 mice, one allele had 78.3 Ϯ 0.6 CAGs, whereas the other had 96.0 Ϯ 1.0. The onset of HD phenotypes in knock-in mice is determined by the length of the longest CAG allele, as reported in humans, and these lengths are at the high end of CAG size range documented for human juvenile onset cases (Duyao et al., 1993; Stine et al., 1993; Bates, 2002) .
Physiology. Acute hippocampal slices were prepared, as described previously (Kramar et al., 2004) , from 2-month-old Hdh Q111 (N ϭ 6), 4-to 6-month-old Hdh Q92 (N ϭ 5), and age-matched WT mice (N ϭ 4 at 2 months and N ϭ 4 at 6 months) and maintained at 32°C in an interface chamber of local design. Field EPSPs (fEPSPs) were recorded from stratum radiatum of CA1b using a single glass pipette (2-3 M⍀). Baseline stimulation (three pulses per minute) was delivered at two sites in the CA1 region, one stimulating electrode placed on either side of the recording electrode (CA1a and CA1c) in the Schaffer collateral-commissural projections, and the fEPSPs were adjusted to achieve 30% of the maximum spike-free response. The slope of the descending phase of the fEPSP was measured with all values normalized to a 15 min baseline period beginning 1-2 h after slice preparation; the values are reported in the figures as mean Ϯ SEM. LTP was induced using a single train of TBS (10 bursts of four pulses at 100 Hz, interburst interval of 200 ms). BDNF (2 nM, catalog #GF049; Chemicon, Temecula, CA) was prepared and delivered to slices from WT (N ϭ 6) and Hdh Q111 (N ϭ 4) mice, as described previously (Kramar et al., 2004) .
Whole-cell recordings were performed, using methods standard for our laboratory (Kramar et al., 2004) , in WT (N ϭ 3) and Hdh Q111 (N ϭ 4) mice. Briefly, CA1 pyramidal neurons were visualized with an infrared microscope in differential interference contrast configuration, and recordings were made with 3-5 M⍀ recording pipettes filled with a solution composed of (in mM) 130 Cs gluconate, 0.1 EGTA, 0.5 MgCl 2 , 10 HEPES, and 2 ATP, pH 7.25 (285 mOsm). Holding potentials were set to Ϫ70 mV after correcting for the junction potential. Currents were sampled with a patch amplifier (AxoPatch-200A; Molecular Devices, Palo Alto, CA) with a four-pole low-pass Bessel filter at 2 kHz and digitized at 10 kHz with pClamp 7 acquisition software (Molecular Devices). Patch electrodes were made from borosilicate glass using a Sutter FlamingBrown horizontal puller (P-87; Sutter Instruments, Novato, CA). IPSCs were recorded from pyramidal cells in the presence of 10 M DNQX and 100 M APV with the stimulation electrode placed close the target neuron. Membrane voltage was brought to 0 mV before the delivery of single or double pulses. The recorded responses were entirely blocked by 50 M picrotoxin.
For all electrophysiology experiments, results are summarized in the text as a percentage of increase in responses from baseline. Data are presented as mean Ϯ SD in the text and mean Ϯ SEM in the figures, unless noted otherwise.
In situ labeling of filamentous actin. Physiological recordings and delivery of TBS or low-frequency stimulation were performed as described above. Immediately after physiological recording, rhodamine-phalloidin [6 M/2-4 l; Sigma (St. Louis, MO) or Invitrogen (Carlsbad, CA)] was applied topically via micropipette three times separated by 3 min. Studies with intracellular or extracellular applications have indicated that this concentration of phalloidin has no effect on baseline physiology, theta burst responses, or LTP (Lin et al., 2005) . Note also that post-TBS applications, as used for the experiments reported here, preclude disturbances to the induction and early expression of LTP. To test the effects of BDNF on actin polymerization, human recombinant BDNF (2 nM), or artificial CSF was delivered to slices from WT and Hdh Q111 mice via a reperfusion pump system (Cole-Palmer, Vernon Hills, IL) at 1 ml/min 1-2 h before recording. Slices were then fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.2, cryoprotected with 20% sucrose in PB, sectioned at 20 m on a freezing microtome, and coverslipped with Vectashield (Vector Laboratories, Burlingame, CA).
Sections were examined with epifluorescence illumination using an Olympus (Tokyo, Japan) AX70 photomicroscope and an Optronics Microfire CCD camera and, for confirmation purposes, with laser-scanning confocal microscopy using the Bio-Rad (Hercules CA) Radiance 200 or the Zeiss (Thornwood, NY) LSM 510 META laser-scanning system. Quantification of dendritic spines was performed with the CCD camera coupled with parametric estimation signal processing (described below), which had been determined, from preliminary studies, to detect and resolve low-intensity illumination better than the laser-scanning systems. Quantitative analyses were performed on three serial sections situated 20 -80 m below the surface of the original slice. A series of 20 -30 high-resolution digital photomicrographs were taken at regular focal steps through each section (Z-stacks). Camera exposure time was adjusted for each experiment so that approximately four to eight spines could be visualized in the sample field of control slices. Subsequent images intended for comparison were then collected with the same illumination and exposure settings. The Z-stacks were collapsed into a single image by extended focal imaging using Microsuite FIVE software (Soft Imaging System, Lakewood, CO). These images were then converted to grayscale, and intensity levels were cropped at values determined for each experiment to visualize low-intensity labeling.
Labeled spine-like structures were measured and counted from a 550 m 2 sampling zone in proximal stratum radiatum between the two stimulating electrodes using in-house software described in detail previously (Lin et al., 2005; Kramar et al., 2006) . Counting was done blindly on batches of slices that had been sectioned and stained together. Intensity thresholds (8 bits) were applied to identify spine-like structures at varying levels of label intensity. Digital images of objects included in the counts were overlaid semitransparently with the original photomicrographs to confirm that they were spines. Spine counts from each of the three series of sections were averaged to produce a representative value for each slice.
For double-labeling experiments, slices were labeled with rhodaminephalloidin (12 M in pipette, tissue levels will be substantially diluted) and prepared for histology, as described above. Sections were then incubated for 1 h at room temperature with mouse anti-postsynaptic density-95 (PSD-95; MAB1598; Chemicon) at 1:100 in PB containing 4% bovine serum albumin and 0.3% Triton X-100. Slides were rinsed in PB, incubated (45 min at room temperature) in fluorescein anti-mouse IgG (1:200; Vector Laboratories) in PB with 0.3% Triton X-100, and rinsed again. Laser-scanning confocal microscopy was used to assess double labeling. Tissue sections were qualitatively analyzed from image Z-stacks collected at 60ϫ objective magnification. Image processing was performed with Photoshop 6.0 (Adobe Systems, San Jose, CA). Figures show single 1-m-thick optical sections.
Western blots. Endogenous BDNF levels were assessed using Western blots with rabbit anti-BDNF (1:1000; catalog #SC546; Santa Cruz Biotechnology, Santa Cruz, CA) that recognizes both mature and pro forms of the protein. Hippocampus of 2-month-old Hdh Q111 (N ϭ 7), 2-month-old Hdh Q92 (N ϭ 5), and age-matched WT (N ϭ 8 and 7, respectively) mice were homogenized in NP-40 cell lysis buffer (Biosource, Camarillo, CA) with protease inhibitor mixture (catalog #P2714; Sigma) and 1 mM phenylmethanesulfonyl fluoride (Sigma). Protein levels were measured using the Bio-Rad Protein Assay. Protein samples (25 g/lane) were then separated by 15% PAGE and processed for Western blot analysis as described previously (Kramar et al., 2004) using the enhanced chemiluminescence ECL Plus Detection System (Amersham Biosciences, Buckinghamshire, UK). As a positive control, recombinant human BDNF (Chemicon) was loaded on the same gels as samples. To control for loading variations, blots were stripped and reprobed with anti-actin (1:2000; Sigma). For quanitification, immunoreactive bands were manually outlined, and densities were measured using NIH Image software. For each blot, the densities of BDNF-immunoreactive bands were expressed as a fraction of the actin-immunoreactive band in the same lane; samples were run two to three separate times, and results were averaged. Statistical analyses were run on both raw and actin-normalized values for pro-BDNF and mature BDNF bands. Figure 6 shows the percentage of control mean calculated from the raw density values. Significance of the effect of genotype was evaluated using a one-tailed Student's t test.
Results
Severe impairment of LTP in two knock-in mouse models of HD Hdh Q92 and Hdh Q111 mice, which have 92 or 111 CAG repeats inserted into the huntingtin (Hdh) gene, were selected for these experiments because they closely resemble the genetic component of the human condition and, as with HD patients, have a delayed onset of overt symptoms (Menalled, 2005) . Hdh 92 and Hdh Q111 mice were tested at 2 months and 4 -6 months of age, respectively; these ages are months before the onset of motor disturbances.
Low-frequency (baseline) stimulation was delivered to hippocampal slices from Hdh Q92 , Hdh Q111 , and age-matched WT mice. fEPSPs were comparable in HD and WT slices with regard to size (slope, amplitude) and waveform. Paired-pulse facilitation, a test for neurotransmitter mobilization, did not detectably differ between the groups with delays of 50 ms (wild type: 64 Ϯ 18%, n ϭ 6; combined Hdh Q92 , Hdh Q111 : 70 Ϯ 15%, n ϭ 9; mean Ϯ SEM) or 100 ms (wild type, 52 Ϯ 15%; Hdh, 53 Ϯ 9%). Thus, baseline physiological measures were similar in WT and HD slices.
TBS was applied after a 20 -30 min period of baseline recording; low-frequency stimulation (3 min pulses) was resumed after TBS, and responses were collected for an additional 60 min. In WT slices, TBS doubled the size of fEPSPs in the first minute after stimulation ( Fig. 1) , after which responses decayed to a stable level that was ϳ50% greater than the pre-TBS baseline. Slices from HD knock-in mice differed from controls in two ways: (1) the initial potentiation did not reach levels seen in WT mice ( p ϭ 0.017 at 20 s after TBS; two-tailed Student's t test) and (2) the responses decayed rapidly (40 min) back to baseline (i.e., stable potentiation was not attained). The latter effect was highly significant (percentage of LTP in WT vs HD mice at 40 min after TBS; p Ͻ 0.00001). Figure 1 B summarizes the percentage of LTP obtained at 55 min after induction for Hdh Q92 and Hdh Q111 mice along with each group's age-matched controls. LTP was absent in both mutant strains at this sampling point (Ϫ3.3 and Ϫ2.8% for Hdh Q92 and Hdh Q111 slices, respectively), whereas robust potentiation was evident in both age-matched WT groups ( Fig. 1 B) . The differences between HD and WT mice were highly significant for both HD strains ( p Ͻ 0.00001 and p ϭ 0.00002 for Hdh
Q92
and Hdh Q111 , respectively). Combined with previous results from two other strains (Hodgson et al., 1999; Usdin et al., 1999; Murphy et al., 2000) , these findings indicate that mutant huntingtin severely impairs the stabilization of LTP across multiple strains and a broad array of experimental conditions.
As noted, initial potentiation was reduced in HD mice relative to wild types. With regard to mechanism, it is of interest to consider the extent to which this initial effect might contribute to the stability and ultimate magnitude of LTP. There was essentially no correlation between the magnitude of potentiation at 20 s and 55 min after TBS for HD (r ϭ 0.22) or WT (r ϭ 0.21) mice. Moreover, Hdh Q92 and Hdh Q111 slices that had relatively high levels of initial potentiation exhibited decremental LTP, whereas WT slices with relatively low initial potentiation had robust and stable LTP (Fig. 1C) .
LTP induction and consolidation processes in Hdh
Q111 mice Responses to TBS Events that occur during the 2 s period of theta stimulation can potently influence the threshold, initial expression, magnitude, and stability of LTP (Larson et al., 1986; Arai and Lynch, 1992) . In Hdh Q111 slices, the size (area) of the composite response to the first of 10 stimulation bursts within a theta train did not differ from wild types ( Fig. 2 A) ; group values were 60.9 Ϯ 7.8 mV⅐ms for Hdh Q111 slices and 55.7 Ϯ 25.6 mV⅐ms for wild types. This result suggests that calcium-dependent enhancement of neurotransmitter release, which normally occurs during TBS (Creager et al., 1980) , and the IPSCs that shape the first burst response (Larson et al., 1986; Mott and Lewis, 1991) remain intact in Hdh Q111 mice. In marked contrast, the facilitation of the second and subsequent burst responses, each a composite of four closely spaced fEPSPs, was greatly attenuated in Hdh Q111 slices (Fig. 2 A, burst 4). The facilitation effect was quantified by expressing the areas of burst responses 2-10 as fractions of the area of the first burst response. As is evident (Fig. 2 B) , within-train facilitation, described in numerous publications (Kramar et al., 2004; , is substantially reduced in Hdh Q111 relative to WT slices (mean facilitation across bursts 2-10 was 65.2 Ϯ 20.3% for wild types and 34.4 Ϯ 15.3% for Hdh Q111 mice; p ϭ 0.03).
Facilitation of responses during TBS arises because potent feedforward IPSCs, which are activated at the beginning of the first burst, enter a refractory period and therefore exert a smaller current shunting effect on the second and subsequent burst responses (Larson et al., 1986; Mott and Lewis, 1991) . Thus, reduced within-train facilitation seen in Hdh Q111 mice could be attributable to a change in the refractoriness of IPSCs. We tested this by delivering two single stimulation pulses separated by 100 -1000 ms and measuring the size of the second feedforward IPSC relative to the first. The second IPSC in the Hdh Q111 slices was markedly reduced when initiated 100 ms after the first response (Fig. 2C) , as it was in WT slices. The depression of the second response was time dependent, with the greatest reduction occurring at 100 and 200 ms delays; the decrement at these intervals was 45 Ϯ 15% (n ϭ 8) in Hdh Q111 slices and 45 Ϯ 3% (n ϭ 5) in wild types (Fig. 2 D) . Note that the waveform and refractoriness of these responses resemble those described with other intracellular and extracellular recording methods (Larson et al., 1986) . Therefore, IPSCs are unaffected in HD mice and probably do not account for the loss of response facilitation during TBS; other possible contributors to this deficit are discussed below.
Actin polymerization in dendritic spines
TBS causes actin to polymerize in adult spines of dendritic regions containing potentiated synapses (Lin et al., 2005) , and this effect is closely related to the stabilization of LTP (Lin et al., 2005; Kramar et al., 2006) . The failure of LTP to stabilize in HD knock-in mice prompted us to ask whether actin polymerization is defective. First, we needed to establish whether the in situ method of applying rhodamineconjugated phalloidin, a toxin that selectively binds to filamentous actin (F-actin) in its polymeric forms, effectively labels polymerized actin in dendritic spines of potentiated synapses in WT mice, as it does in rats . After low-frequency stimulation or TBS, rhodamine-phalloidin was applied to hippocampal slices from WT mice. LTP induction with TBS was accompanied by a massive increase in the number of densely labeled puncta compared with slices that received low-frequency stimulation ( Fig.  3 A, B) .
Studies using rat slices have shown that densely labeled spines comparable to those in Figure 3 are present after TBS in single neurons clamped with electrodes containing rhodamine-phalloidin (Lin et al., 2005; Kramar et al., 2006) . We found that this is also true for WT mice (as illustrated by the example in supplemental Fig.  1 , available at www.jneurosci.org as supplemental material). Evidence that the same labeled profiles are seen with intracellular and extracellular phalloidin applications, together with the fact that the marker was applied after TBS in the studies described here, demonstrates that the increase in F-actin labeling in mouse slices is not caused by stimulation effects on transport of the marker across cell membranes (Lin et al., 2005) . The distribution of labeled puncta in WT mice, as seen in survey micrographs (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), corresponded to that expected for potentiated synapses (i.e., high concentrations of labeling in the proximal portions of CA1 stratum radiatum with few profiles in stratum pyramidale or more distal portions of stratum radiatum). This pattern of labeling has also been noted in rat hippocampal slices . The densely labeled puncta seen with intracellular or extracellular applications of phalloidin after LTP induction had the size (ϳ1 m in diameter), appearance (bulbous head, thin neck), and distribution (scattered along dendrites) expected for dendritic spines (Fig. 3C,D) .
Various lines of evidence, in addition to appearance, indicate that TBS-induced phalloidin staining occurs in spines. The same profiles are found after TBS delivered to the afferents of cells in which phalloidin was applied intracellularly (Lin et al., 2005; Kramar et al., 2006) ; their appearance is completely blocked by an antagonist of (postsynaptic) NMDA receptors (Lin et al., 2005) , and they are routinely double labeled by antibodies against postsynaptic density markers Rex et al., 2007) . We confirmed the spine localization of phalloidin labeling in mice by double labeling with an antibody to PSD-95, a constituent of postsynaptic densities at glutamatergic synapses. Both phalloidin (red) and PSD-95 (green) labeling were abundant in the proximal portion of CA1 stratum radiatum in potentiated slices (Fig. 4 A; see Fig. 4 B, C for higher-magnification images of PSD-95 and phalloidin labeling). The phalloidin-positive puncta typically overlapped PSD-95 immunoreactivity (yellow structures) (Fig. 4 D, arrow) or were "capped" by the PSD protein attached to them (arrowhead).
After establishing that TBS markedly increased F-actin in dendritic spines of WT mice, we tested for similar effects in Hdh Q111 slices. As shown in Figure 5 , A and B, the number of spines with low-intensity labeling was comparable in slices from HD and WT mice after low-frequency stimulation and TBS. Furthermore, low-frequency stimulation did not affect densely labeled spines in either genotype. However, after TBS, increases in the number of densely labeled spines seen in WT slices (Fig. 5C ) were essentially absent in tissue from Hdh Q111 mice (Fig. 5D ). Quantitative analyses of the incidence of labeled puncta were performed by categorizing fluorescent labeling intensities into nine equal-sized bins ranging from very weak to very strong and counting the number of spines meeting the criteria assigned to each bin (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). It should be noted that the in situ labeling method was developed to detect anatomically distinct spines with high levels of F-actin to test the degree to which theta-induced actin polymerization contributes to the production of stable LTP in adult brain. The concentrations of phalloidin used in the method do not visibly label the majority of spines, as expected if those spines contain modest levels of F-actin. The average number of spines counted across all bins (supplemental Fig. 3 , available at www. jneurosci.org as supplemental material) for the low-frequency stimulation WT group was approximately six spines per 100 m 2 , whereas estimates of synapse density for stratum radiatum range from 200 to 300/100 m 3 (Sorra and Harris, 1998; Scheff et al., 2005) . The presence of a large pool of undetected spines precludes testing for theta-induced transfer of spines from lightly to densely stained bins (i.e., balanced gains and losses).
Although the in situ phalloidin method visibly labels a fraction of the target population, it has provided quantitative measures of relative differences in the effects of experimental treatments on TBS-induced actin polymerization , and this proved to be the case for the HD mice. Compared with that seen with low-frequency stimulation, TBS increased the incidence of densely labeled spines (i.e., those in the three highest labelingintensity bins) in WT slices by ϳ10-fold (low frequency, 0.9 Ϯ 4.6 mean Ϯ SEM, n ϭ 10, vs TBS, 10.7 Ϯ 3.6 per 550 m 2 , n ϭ 14; p ϭ 0.009), an effect comparable in size to that reported for rats (Lin et al., 2005; Kramar et al., 2006) . Although this TBS effect represented a large increase over the number of densely stained spines seen in slices given low-frequency stimulation, it necessarily (given the above cited numbers for excitatory synapses) involved a small percentage of the spine population. This concords with recent estimates that Ͻ50 synapses per CA1 neuron are needed to produce EPSPs of the size found in typical slice experiments (Hanse and Gustafsson, 2002) . In contrast to effects in slices from WT mice, TBS did not significantly affect the number of densely labeled spines in Hdh Q111 slices (low frequency, 0.4 Ϯ 0.2, n ϭ 10 vs TBS, 2.0 Ϯ 4.6, n ϭ 13; p ϭ 0.37). Accordingly, the number of densely labeled spines after TBS was approximately five times lower in Hdh Q111 compared with WT slices ( p ϭ 0.02, Figure 2 . Facilitation of burst responses during TBS is impaired in Hdh Q111 mice. A, Shown are responses to the first and fourth stimulation bursts of a theta train from WT (top) and Hdh Q111 (bottom) slices. Note that when comparing genotypes, the first burst responses (burst 1) are similar, and in both cases, the fourth burst response (burst 4) is larger than the first; however, between-burst facilitation is more pronounced in the WT slice. B, The graph depicts the sizes of responses to stimulation bursts 2-10 in a theta train with each burst response expressed as a fraction of the area of the composite response to the first burst. The large facilitation of bursts 2-10 seen in slices from WT mice is greatly attenuated in those from Hdh Q111 mice (WT vs Hdh Q111 mean facilitation across bursts 2-10; p ϭ 0.03). C, The IPSC refractory period is well developed in Hdh Q111 slices. Note that the second of two IPSCs induced by a pair of stimulation pulses (interpulse interval, 200 ms) is substantially reduced in Hdh Q111 mice, as it is in wild types (not shown). D, Paired stimulation pulses delivered with the indicated interpulse intervals showed that the IPSC refractory effect is time dependent and does not differ between WT and Hdh Q111 slices (the size of the second IPSC is plotted as a fraction of the first).
Mann-Whitney U tests, two-tailed). Similarly, the differences between the cumulative probability distributions (frequency vs labeling intensity) after TBS for WT compared with HD data sets were highly significant ( p Ͻ 0.0001, KolmogorovSmirnov test) (supplemental Fig. 3B , available at www.jneurosci.org as supplemental material). In all, measures indicate theta-induced actin polymerization is markedly impaired in HD mutant mice.
BDNF restores LTP in hippocampal slices prepared from Hdh Q111 mice Previous studies showed that BDNF levels were substantially reduced in the neocortex and striatum of 20-week-old Hdh Q111 mice (Gines et al., 2003) . We tested whether such effects are present in the hippocampus of Hdh Q111 mice at 2 months and Hdh Q92 mice at 6 months, the ages used for the majority of the electrophysiological studies. Immunoblots of hippocampal samples from Hdh Q111 and WT mice showed that BDNF immunoreactivity was distributed across bands representing pro-BDNF and proteolytic fragments including the 14 kDa (Fig. 6 A) mature BDNF protein (Mowla et al., 2001) . The band at ϳ29 kDa was measured as the proband because it corresponds to the 30 kDa pro-band described by others (Lee et al., 2001; Pang et al., 2006) and is close to the glycosylated pro-BDNF bands (32 and 28 kDa) seen in cell culture (Mowla et al., 2001) . Concentrations of both pro-BDNF and mature BDNF were substantially reduced in Hdh Q111 relative to WT mice. Densitometric analyses (Fig. 6 B) indicated that mature BDNF levels in hippocampus were 43 Ϯ 7% lower in Hdh Q111 (n ϭ 7) than WT (n ϭ 8; p ϭ 0.002, one-tailed t test) mice. The pro-BDNF band, with an approximate mass of 29 kDa, was reduced by 57 Ϯ 11% in these mice ( p ϭ 0.0001). Differences between the groups were also significant when values were normalized to within-lane actin bands. Finally, the apparently greater deficit in pro-BDNF versus mature BDNF in Hdh Q111 mice, as seen in the group data (Fig. 6 B) , was statistically significant ( p ϭ 0.007, paired Student's t test). Similar results were obtained with an analysis of samples from Hdh Q92 mice: hippocampal levels of mature BDNF were 71 Ϯ 24% of the WT mean (n ϭ 7 and 8 for mutant and WT, respectively; p Ͻ 0.05, one-tailed t test). The 29 kDa pro-BDNF band in Hdh Q92 mice was 68 Ϯ 26% of the WT mean ( p Ͻ 0.05).
Because BDNF levels were substantially reduced in Hdh Q111 mice and the neurotrophin is a potent positive modulator of LTP (Kramar et al., 2004; Bramham and Messaoud, 2005) , we tested whether BDNF (2 nM) would reverse LTP deficits in the mutants. Infusing BDNF for 60 min did not detectably change baseline transmission in Hdh Q111 or WT slices. Unexpectedly, given previous results for rats (Kang and Schuman, 1995; Figurov et al., 1996; Chen et al., 1999; Kramar et al., 2004) , BDNF at 2 nM failed to reliably affect the magnitude of LTP in slices from WT mice. Mean potentiation at 30 min after TBS was 53.2 Ϯ 16.1% above baseline (n ϭ 4), a value that was not meaningfully different from the LTP found in untreated WT slices used in experiments described above (51.8 Ϯ 13.7%; n ϭ 11) (Fig. 1) or for three additional controls (45.0 Ϯ 28.9%). We repeated the experiment using a 10-fold greater BDNF concentration (20 nM) to test whether sensitivity to the neurotrophin varies between the two species; potentiation under these conditions was 76.2 Ϯ 27.0% (n ϭ 3) above baseline, an effect that was significantly different from WT controls ( p ϭ 0.04). It thus appears that rats and WT mice are substantially different with regard to the BDNF levels needed to manipulate the magnitude of LTP; it remains to be determined whether the species difference extends to the effects of BDNF on the threshold for inducing LTP (Kramar et al., 2004) .
Although BDNF at 2 nM had little effect on WT slices, it potently enhanced LTP in HD mice (Fig. 7A) . Slices from Hdh Q111 mice that were not treated with BDNF (n ϭ 4) exhibited decremental potentiation (Fig. 7A) , replicating the results shown in Figure 1 , and were clearly different from WT slices (n ϭ 9) by 20 min after TBS (percentage of potentiation: Hdh Q111 , 24.3 Ϯ 17.1% vs wild type, 56.5 Ϯ 30.5%; p ϭ 0.04, two-tailed Student's t test) (Fig. 7B) . As mentioned above, BDNF at 2 nM did not affect potentiation in WT slices (57.2 Ϯ 6.4% at 20 min after TBS; p ϭ 0.48; n ϭ 4). In contrast, LTP in BDNF-treated Hdh Q111 slices (59.9 Ϯ 28.3%; n ϭ 11) was equivalent to that in wild types ( p ϭ 0.8) and was significantly greater than that seen in the untreated HD group ( p ϭ 0.016) (Fig. 7B) . The percentage of potentiation for the subset of slices tested at 45 min after TBS was much greater in the BDNF-treated group than in untreated Hdh Q111 slices (43.9 Ϯ 24.3 and 6.0 Ϯ 12.1%, respectively; p Ͻ 0.002) (Fig. 7C) . Input/output curves constructed in advance of LTP induction were virtually identical for WT and HD slices (supplemental Fig.  4 , available at www.jneurosci.org as supplemental material).
BDNF could potentially restore LTP in Hdh Q111 slices by enhancing within-train facilitation of theta burst responses, as has been described for rats (Kramar et al., 2004) . This idea is particularly relevant given that within-train facilitation is impaired in Hdh Q111 mice (Fig. 2 B) . However, BDNF had no effect on the genotype-specific loss of facilitation from the first to subsequent burst responses (Fig. 7D) . Facilitation of the second burst response was 77.3 Ϯ 20.5% for wild types, 46.9 Ϯ 16.8% for untreated Hdh Q111 slices, and 46.1 Ϯ 10.2% for BDNF-treated Hdh Q111 slices ( p Ͻ 0.03 for BDNF-treated Hdh Q111 compared with WT mice). The loss of facilitation was even more pronounced for the later bursts in the stimulation train (e.g., burst 9 was 45.0 Ϯ 15.4% greater than burst 1 in WT slices and Ϫ5.8 Ϯ 9.3% of the burst 1 value for BDNF-treated Hdh Q111 slices; p Ͻ 0.001). In all, BDNF did not facilitate responses to any stimulation burst in the theta train in Hdh Q111 slices. The failure of BDNF to restore within-train burst facilitation in Hdh Q111 mice suggests that it may exert its positive effect on LTP by reversing the deficits in actin polymerization. To test this, rhodamine-phalloidin was applied after physiological recordings were collected from WT and Hdh Q111 slices with and without BDNF treatment. Low-frequency stimulation did not elicit changes in phalloidin labeling of BDNF-treated or untreated slices from either genotype. As described above, TBS induced robust LTP in slices from Hdh Q111 mice treated with BDNF but not in untreated slices. LTP restoration was accompanied by a marked increase in densely phalloidin-labeled spines in BDNFtreated (Fig. 7E , bottom) compared with untreated (Fig. 7E, top) slices. The number of labeled spines in the high-intensity bins was 40.5 Ϯ 39.3 per 550 m 2 in Hdh Q111 slices treated with BDNF (n ϭ 13) and 2.0 Ϯ 4.6 for those without BDNF (n ϭ 13; p Ͻ 0.003, Mann-Whitney U test). Thus, the restorative effect of BDNF on TBSinduced actin polymerization may be responsible for the recovery of LTP stabilization in Hdh Q111 mice.
Discussion
Cognitive deficits are present in HD gene carriers and early-stage patients well before the onset of the motor symptoms that define the disease (Lawrence et al., 1998; Kirkwood et al., 2000; Ho et al., 2003; Lemiere et al., 2004) . A recent longitudinal study concluded that the problems are progressive, even over periods as short as 3 years, and that memory losses are the earliest cognitive manifestations of HD (Lemiere et al., 2004) . These findings suggest that HD begins with a discrete disturbance of plasticity and then progresses to motor pathology and neurodegeneration. Previous studies indicated that LTP is severely impaired in hippocampal field CA1 in HD mouse models (Usdin et al., 1999; Murphy et al., 2000) . Paired-pulse facilitation was depressed along with LTP in HD knock-in (72/80 CAG) mice, suggesting that the HD mutation alters release kinetics (Usdin et al., 1999) . Although the point was not tested, a presynaptic deficit would presumably disturb frequency facilitation of postsynaptic responses and thus reduce the depolarization needed to trigger LTP. A separate study found that R6/2 and WT mice are comparable in their basic synaptic physiology, including presynaptic neurotransmitter mobilization and release (Murphy et al., 2000) . This suggests a postsynaptic locus for the LTP deficit. NMDA receptor-mediated currents appeared normal in R6/2 mice, again indicating that LTP processes downstream of induction (i.e., expression or stabilization) are impaired. In all, previous studies indicate that LTP deficits are present in HD mouse models but disagree as to whether they reflect a presynaptic or postsynaptic problem.
The present experiments used the naturalistic TBS pattern to induce LTP in hippocampal slices prepared from HD knock-in mice. Most of the experiments were performed with 2-monthold Hdh Q111 mice to test for deficits that are evident before overt motor disturbances and during the transition from late development to early adulthood. These conditions allow the reasonable assumption that the results are relevant to the early appearance of memory problems in HD patients. LTP was severely impaired in HD mice (Hdh Q111 and, to a comparable extent, in Hdh Q92 ) without evidence of presynaptic disturbances or changes in the waveform of postsynaptic responses. Moreover, the size and shape of the composite response to a single burst of afferent stimulation were normal, as were feedforward inhibitory potentials. However, the facilitation of burst responses that normally occurs during a theta train was markedly reduced in HD knock-in mice. Burst facilitation causes greater depolarization that enhances the A and B) . B, A summary of the percentage of potentiation observed 20 min after TBS delivery for vehicle-treated slices from Hdh Q111 (n ϭ 4 slices) and agematched WT (n ϭ 9) mice compared those treated with 2 nM BDNF (Hdh Q111 , n ϭ 11; WT, n ϭ 4 slices). Note that WT slices that received BDNF did not differ from untreated slices, whereas the neurotrophin greatly enhanced potentiation in Hdh Q111 slices (*p ϭ 0.016 compared with vehicle-treated Hdh slices, two-tailed Student's t test). C, fEPSPs from a subgroup of BDNF-treated Hdh Q111 slices (filled triangles) were recorded for 60 min after TBS. Note that potentiation was still present at the end of recording (data for the untreated Hdh Q111 slices from Fig. 1 are shown for comparison). The inset (top right) shows representative fEPSP traces collected at 60 min after TBS. Data are averages of three consecutive traces. Calibration: 1 mV, 5 ms. D, BDNF at the 2 nM concentration, which rescued LTP, did not correct the impaired theta burst facilitation seen in Hdh Q111 mice, as evidenced by comparable burst facilitation in BDNF-treated and untreated Hdh Q111 slices (sizes of burst responses 2-10 are expressed as a fraction of the first burst response). E, Photomicrographs show phalloidin labeling in CA1 stratum radiatum of TBS-stimulated Hdh Q111 slices with (bottom) and without (top) BDNF treatment. Densely labeled spines were essentially absent in untreated slices after TBS (top) but were present in large numbers in BDNF-treated cases (bottom). Scale bar, 10 m.
opening of NMDA receptors triggering LTP (Larson and Lynch, 1988) . Thus, impaired burst responses in Hdh Q111 mice probably contribute to the LTP deficits.
One possible explanation for modified burst responses is that IPSCs, which accompany individual burst responses (Larson et al., 1986) , are altered. IPSCs are reduced during TBS because inhibitory synapses become refractory after they are activated during the first theta burst response, an effect caused by stimulation of presynaptic autoreceptors (Mott and Lewis, 1991) . Thus, deficits in processes controlling the strength and duration of this refractory effect could impair burst facilitation. Investigations regarding this idea, however, proved negative: IPSCs were as refractory in Hdh Q111 as in WT mice. The remaining factor controlling within-train changes in burst response characteristics is the complex sequence of afterhyperpolarizations triggered by the first burst response (Arai and Lynch, 1992; Sah and Bekkers, 1996) ; tests for deficits in these responses are in progress. In any event, the pronounced impairment in LTP found in Hdh Q111 mice is associated with surprisingly discrete postsynaptic defects.
Possibly related to disturbances in theta burst responses, BDNF levels were reduced in hippocampus of 2-month-old Hdh Q111 and 6-month-old Hdh Q92 mice. Previous reports found decreased levels of BDNF (Gines et al., 2003) and its TrkB receptor (Gines et al., 2006) in neocortex and striatum of older knock-in mice and in HD patients. There is also evidence that mutant huntingtin adversely affects BDNF transport in dissociated cells and thus disrupts delivery of the neurotrophin to target tissues (Gauthier et al., 2004) . These effects, acting alone or in combination, would serve to reduce levels of BDNF normally released by theta bursts (Aicardi et al., 2004) . Given that BDNF enhances burst response facilitation during TBS by suppressing afterhyperpolarizations (Kramar et al., 2004) and, as expected from this, promotes the induction of LTP (for review, see Bramham and Messaoud, 2005) , these observations suggest a unifying explanation for the pattern of results obtained in Hdh Q111 mice (i.e., reduced BDNF release removes a factor that positively modulates theta burst facilitation and thus LTP induction). If so, then infusing BDNF should rescue LTP in HD mice by restoring normal responses to TBS. The first of these predictions was confirmed: Hdh Q111 slices exposed to 2 nM BDNF exhibited robust and stable LTP after TBS. This recovery in HD mice did not simply reflect facilitation of LTP but a true rescue, because BDNF at this low concentration did not affect potentiation in wild types. Unexpectedly, however, the rescue of potentiation was not accompanied by the return of normal within-train facilitation. It appears that the dose used to restore LTP is below threshold for affecting the presynaptic frequency facilitation, IPSCs, and afterhyperpolarizations that regulate the size and within-train facilitation of burst responses. The possibility remains, however, that a BDNF effect on these variables, as reported for rat slices (Figurov et al., 1996; Tanaka et al., 1997; Tyler and Pozzo-Miller, 2001 ), would be obtained at higher concentrations of BDNF. In any event, the absence of any BDNF effect on burst responses indicates that the influences of BDNF on events following TBS are likely to be responsible for the rescue of plasticity in Hdh Q111 slices.
The above conclusion led us to investigate whether BDNF affects the second of the two LTP-related processes that were defective in Hdh Q111 slices, namely TBS-induced actin polymerization. Tests of this idea were positive: TBS produced a marked increase in the numbers of spines with dense concentrations of F-actin in Hdh Q111 slices that had been pretreated with BDNF compared with untreated slices. We assume that these effects are attributable to the triggering of actin polymerization by TBS in the small population of spines innervated by stimulated afferents (i.e., that spines with subthreshold or weak labeling are converted into spines with dense levels of F-actin). An alternative possibility would be that TBS produces new spines and that this process is associated with actin polymerization. However, there are multiple electron microscopic studies (Lee et al., 1980; Chang and Greenough, 1984; Sorra and Harris, 1998; Popov et al., 2004 ) that have failed to detect an increase in spines after induction of LTP in field CA1 of adult hippocampus. Positive reports have been described for cultured, and thus immature, hippocampal slices (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999) . Accordingly, we conclude that the conversion hypothesis is the more conservative.
Multiple lines of evidence indicate that actin polymerization is essential for the stabilization (consolidation) of LTP. For example, agents that disrupt actin polymerization block LTP consolidation (Fukazawa et al., 2003; Kramar et al., 2006) , whereas treatments that disrupt consolidation eliminate TBS-induced actin polymerization . Moreover, actin polymerization has the same threshold (number of theta bursts) for induction, as does LTP, and becomes resistant to disruption over the same time period that LTP consolidates . The absence of TBS-induced actin polymerization can explain why the sizeable initial potentiation found in Hdh Q111 slices decays back to baseline rather than stabilizing, whereas recovery of polymerization accounts for the rescue of LTP by BDNF.
The deficits in actin polymerization found in Hdh Q111 mice also provide a possible explanation for the abnormal spine morphology found in striatal and cortical neurons of HD transgenic mouse models (Guidetti et al., 2001; Klapstein et al., 2001; Spires et al., 2004b) and in HD patients (Graveland et al., 1985; Ferrante et al., 1991) . The actin cytoskeleton regulates the shape of dendritic spines (Fischer et al., 2000; Star et al., 2002) , at least in developing tissue, and deficiencies in activity-dependent F-actin assembly would be expected to cause aberrant morphology. Future studies are needed to address the possibility that deficits in TBS-induced actin polymerization and LTP emerge during the juvenile period and are followed in adulthood by significant disturbances to spine morphology.
The restorative effect of BDNF on LTP in Hdh Q111 mice raises the question of whether HD-related cognitive impairments can be overcome by upregulating production of this neurotrophin. Various methods for elevating BDNF levels have been reported (e.g., antidepressant drugs, seizures) but most of these have unacceptable side effects for long-term applications. Exercise (Cotman and Berchtold, 2002; Pang et al., 2006) and enriched environments (Spires et al., 2004a ) also increase BDNF, but these effects occur in comparison to sedentary or nonenriched controls, and HD patients are not inactive or sensory deprived before emergence of motor disturbances. Alternatively, work from several groups (Lauterborn et al., 2000; Legutko et al., 2001; O'Neill et al., 2005) has shown that BDNF mRNA and protein can be substantially increased in hippocampal neurons by ampakines, compounds that positively modulate AMPA-type glutamate receptors and the fast EPSPs they mediate. Moreover, chronic use of ampakines does not produce significant side effects in rats, monkeys, or humans (Lynch, 2006) . Whether ampakines can overcome the HD-associated deficit in BDNF transcription, which is thought to arise from inadequate binding of mutant huntingtin to a neuron-specific silencer element (Zuccato et al., 2003) , is an important issue for future research.
